Abstract: Bio-ceramic coatings were synthesized on ZK60 magnesium alloys by micro-arc oxidation (MAO). The degradation behavior of the ZK60 alloys with and without MAO coating in the simulated body fluid (SBF) was studied. The samples were characterized by means of scanning electron microscopy (SEM), laser scanning confocal microscopy (CLSM), and X-ray diffraction (XRD). Electrochemical impedance spectroscopy (EIS) was used to study the degradation behavior. The results showed that the porous MAO coating mainly consisted of MgO, Mg 2 SiO 4 , Mg 3 (PO 4 ) 2 , and CaCO 3 . The pH values of both coated and uncoated samples increased over time. However, the pH values of the SBF for coated samples always maintained a lower level compared with those for the uncoated samples. Thereby, the coated samples showed a much lower degradation rate. After immersion in SBF for 5 days, corrosion product containing Ca and P was found on both samples, while the deposition was more active on the coated samples. The degradation models for the uncoated and coated samples in the SBF are also proposed and discussed.
Introduction
Magnesium (Mg) is an essential element for the human body, and takes part in more than 300 biochemical reactions in the body [1] [2] [3] [4] . Compared with other implants, the density and elastic modulus of Mg alloys are much closer to human bones, and thus stress shielding can be avoided [5] [6] [7] [8] [9] . Mg alloys have a good biocompatibility and no cytotoxicity [10] [11] [12] , and can degrade in vivo which obviates the need for a second surgery [13, 14] . Furthermore, they can induce the formation of bone [15] , and thus the damaged bone can be healed more quickly [16] [17] [18] [19] . Therefore, Mg and its alloys have gained extensive attention as biomedical materials. However, the degradation rate of Mg alloys is much faster than the healing rate of the damaged bone [20, 21] . Just like the other biomedical materials, a further treatment is always needed [22, 23] .
In general, the degradation rate of alloys can be controlled mainly by tailoring their compositions or by conducting surface treatments [24, 25] . Surface treatment can effectively improve the corrosion resistance of alloys, and conversion coating, anodizing, micro-arc oxidation (MAO), and other technologies are representatives of this treatment [26] [27] [28] [29] [30] . Hakimizad et al. [31] reported that micro-arc oxidation coatings are formed by numerous short-lived micro-arc discharges on the entire surface occurring at voltages higher than the breakdown voltages of the oxide coating, the hard, thick, and adherent oxide coatings on light metals (e.g., Al and Mg) and on their alloys can be obtained by micro-arc oxidation technology. Benjamin et al. [32] found that the corrosion resistance of AZ31 Mg alloys in simulated body fluid (SBF) was significantly improved after MAO treatment. Sankara Narayanan et al. [33] reported that MAO treatment could improve the hardness and bonding strength of Mg substrate. Therefore, micro-arc oxidation is a convenient technique to obtain porous and corrosion-resistant bio-ceramic coatings.
A thorough understanding of the corrosion behavior of Mg alloys in the physiological environment is a basic requirement in order to control their degradation rates [34] . A number of researchers have investigated the corrosion behavior of Mg alloys. Gu et al. [19] studied the corrosion product layer formed on the AZ31 alloy surface during immersion in SBF, and found that it enhanced the alloy's corrosion resistance. A corrosion model proposed by Gu et al. [35] indicated that the corrosion resistance of a coating depends on the thickness of the compact layer and the compactness of the MAO coating. Lin et al. [36] demonstrated that the degradation of the MAO coating was accompanied by the formation of a degradation layer and a Ca-P deposition layer, which would improve the biocompatibility of the coating surface.
To our knowledge, most studies focus on the corrosion behavior of MAO coatings on AZ91 or AZ31 Mg alloys (whose chemical composition contain Al, well-known as a main inducing element to Alzheimer's disease) in SBF [37, 38] . Some researchers have chosen to develop their own self-designed Mg alloys with bio-safe alloying elements [39] [40] [41] , taking a great deal of R&D time and cost. ZK60 (Mg-Zn-Zr) Mg alloy is not only commercially available, but its alloying element Zn is a trace element essential to the human body, and Zr (another alloying element)-based materials (e.g., ZrO, Zr-Cu-Al-Ag alloy, Zr-2.5Nb, Zr-1.5Nb-1Ta crystalline alloys, etc.) exhibit satisfactory biocompatibility [42] [43] [44] . Therefore, considering both safety and economy, it is essential to understand the degradation behavior of micro-arc-oxidized ZK60 Mg alloy in SBF.
In this work, MAO was conducted on ZK60 Mg alloy to prepare bio-ceramic coatings in an optimized electrolyte system. Both coated and uncoated samples were immersed in SBF for 30 days. SEM and laser scanning confocal microscopy (CLSM), were used to observe the morphologies of the samples. XRD and Fourier transform infrared spectroscopy (FTIR) were employed to investigate the compositions of coatings and corrosion products. The corrosion behavior was studied by electrochemical test paired with a static weight-loss method. Finally, in vitro SBF soaking was conducted to analyze the degradation behavior of the samples with and without MAO coating.
Materials and Methods

Coating Preparation
Commercially available rolled ZK60 Mg alloy (Mg-5.8 wt % Zn-0.45 wt % Zr) was used as the substrate in this work. The samples were cut into 5 mm × 20 mm × 20 mm plates by means of an electric arc CNC wire-cut machine (Haima Numerical Control Equipment Co., Ltd., Suzhou, China) and then ground up to 1200 grits using SiC paper (Wuhan advanced technology Co., Ltd. Wuhan, China), ultrasonically cleaned, rinsed with distilled water, and dried in the air.
MAO was conducted on ZK60 samples under constant-current mode in a self-developed compound electrolyte with a composition of 6 g/L Na 2 SiO 3 ·9H 2 O, 0.5 g/L Ca(CH 3 COO) 2 ·H 2 O, 0.8 g/L (NaPO 3 ) 6 , 0.5 g/L NaH 2 PO 4 ·H 2 O, and 2.8 g/L NaOH. Current density, frequency, positive duty ratio, negative duty ratio, and reaction time were respectively set as 20 A/dm 2 , 500 Hz, 40%, 60%, and 15 min.
Immersion Test
The coated and uncoated samples were immersed in an SBF with ion concentrations almost equal to human blood plasma (Table 1) for 30 days. Three samples were tested to evaluate one time spot of corrosion time. The reagents and dose for preparing 1000 mL SBF are shown in Table 2 . The reagents were dissolved one-by-one in distilled water at 36.5 ± 0.5 • C in the order shown in Table 2 . The pH value was adjusted to 7.45 with Tris and HCl solution at 36.5 ± 0.5 • C. Each sample was soaked in a plastic beaker containing 120 mL of SBF in a thermostat water bath at 36.5 ± 0.5 • C. The ratio of the sample's surface area (cm 2 ) to SBF volume (mL) was 1:10 [45] [46] [47] .
The pH values of the SBFs of three parallel tests were recorded to obtain an average value every 24 h, and the SBFs were refreshed after recording. A couple of coated and uncoated samples were removed from the SBF for further examination every 5 days. The corrosion rate of the coating was characterized by weight loss ratio. In the equation below, R wt is the weight loss ratio, M is the quality of the sample before corrosion, and M 1 is the quality of the sample after corrosion:
(1)
Characterization
Scanning electron microscopy (SEM, JSM-6480, JEOL, Tokyo, Japan) was used to observe the surface morphology and cross section morphology of the coatings. A laser scanning confocal microscope (CLSM, OLS4000, Olympus, Tokyo, Japan) was used to measure the roughness of the coated samples by taking the average value of five points. X-ray diffraction (XRD, OxfordCMI233, 40 kW, SHIMADZU, Tokyo, Japan) analysis was carried out with monochromatic Cu K α radiation over a 2θ range of 20 • to 90 • with a scanning rate of 4 • /min. Electrochemical impedance spectroscopy (EIS, EG&G M283, AUTOLAB, Bern, Switzerland) was used to study the degradation behavior of samples. The EIS tests were conducted in SBF at 36.5 ± 0.5 • C, at the open circuit potential (OCP), with a 10 mV alternating signal from 100 kHz to 100 mHz. The equivalent circuits were used to fit the EIS data.
After the immersion test in SBF, the corrosion products were measured by FT2000 type FTIR (AGILENT, Santa Clara, CA, USA) in the spectral range 400-4000 cm −1 . The chemical compositions of corrosion products were deduced by the form and position of absorption peaks. The hydrophilicities of the coatings were measured by a contact angle measuring instrument, JC2000D (Shanghai auto-lab technology Co., Ltd., Shanghai, China).
Results
Characterization and Properties of the MAO Coating
The surface and cross-sectional morphology of the MAO coatings are shown in Figure 1 . It can be seen that the coating featured micro-pores with diameters ranging from 2 to 13 µm, melts, and cracks ( Figure 1a) . Because of the repeating breakdown at the same position of the coating, small pores in big pores were observed, as indicated by point A in Figure 1a . Meanwhile, some areas of the coating melted due to the high temperature during MAO, and then solidified on the surface. It can be seen from the cross-sectional morphology of the MAO coating that the coating was composed of a dense inner layer and a porous outer layer with a distinguishable boundary (Figure 1b) . The outer loose layer was characterized with larger pores and more micro cracks, while the dense layer was more compact with fewer micro-cracks. The thickness of the coating was about 82 µm, with two types of micro-pores: blind-holes and through-holes. The XRD results showed that the main phases of the coating were MgO, Mg, Mg 2 SiO 4 , Mg 3 (PO 4 ) 2 , and CaCO 3 ( Figure 2 ). Ca, P, and Si from the electrolyte were found in these phases, indicating that the electrolyte contributed to the formation of the bio-ceramic coating by reacting with the sample. It is believed that the difference in thermal expansion coefficients between the phases resulted in the micro-cracks in the coating [48] . The surface roughness and contact angle between the coating and water are shown in Figure 3 . Micro-pores, melts, and cracks resulted in a rough coating surface. The roughness (Ra) was about 3.765 µm (Figure 3a) , which favors the spreading of water molecules [15] . The wetting angle was about 0 • (Figure 3b) , which is suitable for cells to adhere to and grow on [19, 49] . 
Changes in pH Values and Weight Loss Rates of the Samples
The changes in pH values of SBF and weight loss rate with the immersion time are shown in Figures 4 and 5 , respectively. It is obvious that the pH values of SBF for the uncoated sample were much higher than those for the coated ones (Figure 4 ). During the first 3 days, the pH value of the uncoated sample increased sharply. At the 4th day, the pH value decreased to about 8.5. Then, the pH value rose slowly and tended to become steady gradually. Such changes can be explained by the phenomena observed in the experiment. At the beginning of the immersion experiment, there were many bubbles on the surface of the magnesium alloy. The reasons for this phenomenon [50] can be illustrated by Equations (2)- (4): The uncoated sample corroded rapidly in the early stage of the immersion test, releasing many electrons into the solution (Equation (2)). More and more OH − ions were produced by the reaction shown in Equation (3), leading to a fast increase of the pH value. However, OH − and Mg 2+ ions were consumed by the forming Mg(OH) 2 (Equation (4)). Then, the reactions in the solution gradually reached equilibrium, and the pH value became relatively steady. From Figure 5 , it can be seen that the weight loss of the uncoated sample increased remarkably and then slowed down in the late stage (after the 25th day) because of the deposition of corrosion products. The degradation of the uncoated sample was inhibited.
Compared with the uncoated samples, the pH value of SBF for the coated samples maintained a low level. Since the MAO coating decomposed with time, the substrate was exposed gradually to SBF, which led to the increase of the pH value. During the immersion test, the weight loss rate of the coated sample was much lower than that of the uncoated one, which is consistent with the findings in reference [19] . The weight loss of the coated samples began to slow down after the 15th day ( Figure 5 ). This indicates that the MAO coating could significantly improve the corrosion resistance of ZK60 alloy.
Morphology and Phase Composition of Corroded Samples
Figure 6a-d display the variations of the morphologies of the uncoated samples immersed in SBF for different amounts of time. In the early stage of the immersion test, the surface of the sample was covered with some network structure formed by the crossing of needle-like products (Figure 6a,b) . After 20 days, some white flocculent products deposited on the network structure and the network structure gradually disappeared (Figure 6c,d) . According to the XRD results (Figure 7a ), the network structure was composed of Mg(OH) 2 and the flocculent product was Ca-P compound. The main phases of the uncoated sample in the early stage were Mg(OH) 2 and Mg, while few Ca-P compounds could be detected. In the late stage, the peak of Mg(OH) 2 became weak, but the peak intensity of the Ca-P compound became stronger due to increased deposition of the Ca-P compound. 
FTIR Spectra of Corrosion Products
FTIR results of uncoated samples and coated samples under different immersion times are shown in Figure 8 . For uncoated samples, the C-O and C=O stretching vibration mode occurring at 1055 cm −1 and 1647 cm −1 are ascribed to the carbon ionic groups of the SBF solution, which might diffuse into the corrosion products in the form of ions. Furthermore, the O-H bands vibration mode occurred at 3437 cm −1 . Obviously, the absorption peaks of O-H became wider with immersion time, demonstrating that the association between functional groups was enhanced. It could also be found that O-H sharp stretching vibration mode occurred at 399 cm −1 , which could be attributed to the dissociative O-H [51] . According to the FTIR spectrum results, the content of Mg(OH) 2 increased with immersion time. By contrast, according to the FTIR spectra of coated samples in Figure 8b , the P-O stretching vibration mode occurred at 890 cm −1 , which also confirmed the presence of Ca 3 Mg 3 (PO 4 ) 4 during long-term immersion in SBF. The intensities of P-O peaks declined over immersion time, illustrating a gradual degradation of Ca 3 Mg 3 (PO 4 ) 4 as the peak of P-O was hardly found after immersion for 30 days. This phenomenon demonstrates an MAO coating with good degradability. The bands at 1055 cm −1 and 1647 cm −1 correspond to C-O and C=O stretching vibration modes. They are produced from CaCO 3 in the MAO coating. After 30 days of soaking, the widths of the two peaks became broad and the peak value decreased, proving the amount of CaCO 3 had declined, which indicates that MAO coating underwent progressive decomposition over time [52] .
Electrochemical Impedance Spectroscopy
The Nyquist plots of both uncoated and coated samples after immersing in SBF for various amounts of time are presented in Figure 9 . Equivalent circuits for fitting the uncoated and coated samples are shown in Figure 10 . The non-ideal capacitive behavior of the coating is taken into account by using constant phase element (CPE) instead of capacitances in the model [53, 54] . In the equivalent circuits, R soln is the SBF solution resistance, R cp is the corrosion product resistance with constant phase element CPE cp , R coat is the coating resistance paralleled with constant phase element CPE coat , and R ct is the reaction resistance paralleled with constant phase element CPE ct . The use of a CPE was necessary due to the distribution of relaxation times resulting from heterogeneities at the electrode surface [55] . The impedance of the CPE is given by Equation (5) [56]: The fitting EIS results are listed in Table 3 . Figure 11 shows the open circuit potentials for the uncoated and the coated samples after immersion for 30 days. The global impedances of the coated samples were much higher than those of the uncoated ones ( Figure 9 ). This suggests that the MAO coating could effectively inhibit the degradation of the substrate. For the uncoated samples, the R ct value increased from day 5 to day 10 and from day 20 to day 30 ( Table 3 ), indicating that the degradation and deposition were active simultaneously. For the coated samples, the R ct value increased from day 5 to day 20, and then decreased. The increase of the R ct value for the coated samples indicates that the deposition of the corrosion product layer inhibited the penetration of the SBF through the coating. With the continuous reaction between the solution and the coating, the thickness of the coating decreased with the increase of the corrosion product layer. So, the R coat decreased. However, the weight loss rate of the coated sample increased gradually (Figure 5) , suggesting that the degradation of the coating was faster than the deposition of corrosion product. After immersion for 30 days, a large part of the coating dissolved in the solution and the substrate was exposed. Thus, the R ct value decreased again. 4. Discussion
Degradation Mechanism of Uncoated ZK60 Alloy
Li et al. [57] suggested a biocorrosion model that can be used to describe the corrosion process of Mg alloys. According to this concept, the degradation model of ZK60 Mg alloy in SBF is proposed as shown in Figure 12a . Xu et al. [18] indicated that uniform corrosion and localized corrosion are the two mechanisms during the degradation process. In the early stage of immersion, Mg encounters an anodic dissolution (Equation (2)), accompanied by the release of H 2 and the Mg(OH) 2 film formed on Mg alloy (Equations (3) and (4)). This is a uniform corrosion process, as shown in Figure 12a . In SBF, localized corrosion is mostly due to the penetration of Cl − ions from the solution. Lederer et al. [58] The Cl − in SBF reacts with Mg(OH) 2 , and these reactions generate MgCl 2 and OH − . Hence, the surface of the alloy is surrounded by a large amount of OH − (Figure 12b ) [59] . Then, Ca 2+ and HPO 4 2− in SBF react with OH − (Figure 12c) , as indicated by Equation (8) [60] :
As the uniform corrosion and the localized corrosion proceed, part of the sample decomposes into free particles in the solution (Figure 12d) . In this way, Mg alloy is covered by corrosion products and exposed to the solution again and again, which results in unsteady EIS data (Table 3) .
Zhang et al. [61] reported that the corrosion of Mg alloy is closely associated with the corrosion of alpha phase. Moreover, the intermetallic compound beta phase between magnesium and alloying elements itself is not readily corroded as a function of the cathode in galvanic corrosion. When the content of beta phase is high and its distribution is continuous, uniform, and fine, grains of alpha phase are almost entirely separated by beta phase, so the corrosion can hardly pass from one grain to another. In this way, beta phase acts as a barrier against corrosion. When beta phase is of lower content and its distribution is not continuous, corrosion diffuses easily. In this condition, the beta phase accelerates the galvanic corrosion. Beta phase (Mg 7 Zn 3 ) is unable to distribute continuously in ZK60 because of the low solid solubility of their alloying elements in magnesium and the low content of Al. So, the corrosion process is accelerated, resulting in a decrease of corrosion resistance.
Degradation Mechanism of the Coated ZK60 Alloy
Gu et al. [19, 35] suggested a degradation model of the MAO coating in SBF ( Figure 13) . Generally, the MAO coating consists of a porous layer and a dense layer. In the early stage of immersion, only the MgO from the coating reacts with the solution. The reaction is shown below:
A certain amount of Mg(OH) 2 transforms into MgCl 2 (Equation (6)), leaving the OH − on the surface (Figure 13a ). And then a Ca-P product layer forms since the OH − subsequently reacts with the other compounds and ions [62] 
As the immersion test continues, SBF solution penetrates the loose layer, diffusing into and enlarging the micro-pores of the layer, thereby permitting the SBF's penetration into the dense layer and even the substrate alloy (Figure 13b ). Once the solution contacts the substrate, Mg reacts with the solution and produces Mg(OH) 2 together with H 2 (Equations (2)- (4)). When all the pores are penetrated, rapid degradation takes place (Figure 13c ) and the coating is therefore dissolved (Figure 13d) . Therefore, a thick dense layer can inhibit the penetration of the SBF. Meanwhile, the smaller the pores, the more slowly they enlarge. Under such a condition (i.e., a thick dense layer with small pores), the Ca-P product layer covers the surface of the coating, which would inhibit the coating's degradation. If the coating degrades as shown in Figure 13d , a large amount of Mg(OH) 2 would be gained. Without the coating composition, Ca 3 Mg 3 (PO 4 ) 4 cannot be produced. The reactions in SBF would change into the ones in Figure 12a , then the degradation model of the coated samples in SBF would be the same as the uncoated samples. 
Conclusions
Bio-ceramic coatings were fabricated on ZK60 Mg alloy through micro-arc oxidation, and both coated and uncoated samples were immersed in SBF for 30 days to study their degradation behavior. The main conclusions were drawn as follows:
(1) A porous coating prepared by MAO mainly consisted of MgO, Mg 2 SiO 4 , Mg 3 (PO 4 ) 2 , and CaCO 3 with a dense inner layer and a porous outer layer. The rough surface (Ra = 3.765 µm) of the coating was very hydrophilic, which favored cells' adherence and growth.
(2) During the immersion period, the pH value of the SBF solution with coated samples was lower than that of uncoated samples, which indicates the coated samples showed a much lower rate of degradation. The second phase Mg 7 Zn 3 in ZK60 led to the micro-couple corrosion between the second phase and the matrix metal, resulting in the decrease of corrosion resistance.
(3) After immersion for 5 days, corrosion product containing Ca and P was found on both samples, while the deposition was more active on the coated samples. With the decomposition of the coating, the Ca-P compounds disappeared in the late stage. EIS results indicated that the degradation rate of the coated sample decreased with the immersion time, and in the equivalent circuits the R ct value increased accordingly.
(4) Degradation models for the uncoated and coated samples in the SBF are proposed, which explain the degradation process and corrosion mechanism for the samples in different periods.
The corrosion product of Ca 3 Mg 3 (PO 4 ) 4 can inhibit the coating from degrading, and the degradation rate of MAO coating depends on the thickness of the dense layer and the pore size.
